Temperature dependent thermoelectric power (TEP) data on Ba(Fe 1−x T M x ) 2 As 2 (T M = Co and Cu), complemented by the Hall coefficient data on the samples from the same batches, have been measured. For Co-doping we clearly see a change in the temperature dependent TEP and Hall coefficient data when the sample is doped to sufficient e (the number of extra electrons associated with the T M doping) so as to stabilize low temperature superconductivity. Remarkably, a similar change is found in the Cu-doped samples at comparable e-value, even though these compounds do not superconduct. These changes possibly point to a significant modification of the Fermi surface / band structure of Ba(Fe 1−x T M x ) 2 As 2 at small electron doping, that in the case of Co-doping is just before, and probably allows for, the onset of superconductivity. These data further suggest that suppression of the structural / magnetic phase transition and the establishment of a proper e-value are each necessary but, individually, not sufficient conditions for superconductivity.
in these materials: if the upper transitions are suppressed too slowly, then the window of e-values that support superconductivity can be overshot.
In this work, in an effort to better understand the changes induced by T M substitutions, we present temperature dependent thermoelectric power (TEP) studies for different levels of Co-and Cu-doping complemented by the Hall coefficient data on the samples from the same batches. For Co-doping we clearly see a change in the temperature dependent TEP and Hall coefficient data when the sample is doped to sufficient e so as to stabilize low temperature superconductivity. Remarkably, a similar change is found in the Cu-doped samples at comparable e-value, even though these compounds do not superconduct.
II. EXPERIMENTAL
Single crystals of Ba(Fe 1−x T M x ) 2 As 2 , T M = Co and Cu, were grown out of excess FeAsflux. [6, 10] The actual Co and Cu concentration in the crystals was determined by employing wavelength dispersive x-ray spectroscopy. For the transport measurements, the crystals were cut and / or cleaved with a razor blade into dimensions of typically ∼ 0.8 × 0.07 × 3 mm 3 for TEP and into dimensions of typically ∼ 2.5 × 0.07 × 3 mm 3 for Hall measurements.
Hall resistivity data was collected using the ac transport option of a Quantum Design (QD)
Physical Property Measurement System (PPMS) in a four wire geometry with switching the polarity of the magnetic field (H c) to remove any magnetoresistive components due to the misalignment of the voltage contacts. The current contacts were carefully painted using Epotek H20E silver epoxy to attach Pt wires to cover two opposing side faces of the plate-shaped crystals to ensure as uniform of a current flow as possible. The voltage contacts were placed across from each other on the two remaining side faces of the crystals. Magnetic field dependence of the Hall resistivity is essentially linear over the whole temperature range (see inset of Fig. 6 below for a typical set of data), so the data taken in 90 kOe applied field represent the temperature dependence of the Hall coefficient fairly well.
Thermoelectric power measurements were carried out by a DC, alternating heating (twoheater and two-thermometer), technique in the temperature range from 2 K to 300 K using a homemade set-up in a QD PPMS. [14] The samples were directly attached to the two Cernox thermometers using DuPont 4929N silver paint. The voltage difference, ∆V , between the hot and the cold ends of the sample was measured by a HP 34420A nanovoltmeter. The voltage leads were phosphor-bronze wire. The temperature difference ∆T of ∼ 0.3 K to ∼ 0.75 K was established using two strain gauge heaters glued next to the sample on the thermometers. The TEP value of phosphor-bronze is ignored since S of this wire is less than 0.5µV/K for the whole temperature measured.
It should be noted that the AEFe 2 As 2 (AE = Ba, Sr, Ca) materials are prone to exfoliation along the c-axis that can lead to larger than conventionally accepted errors in resistivity measurements due to poorly-defined current path lengths and samples cross-sections. [15, 16] In an effort to minimize this we tried to use very thin, un-deformed, cleaved pieces for the Hall measurements. In contrast, no knowledge of the geometric dimensions of the sample is needed to calculate the thermoelectric power, the only requirement being to measure the temperature gradient and the voltage between the same points of the sample. Additionally, for pure BaFe 2 As 2 and the samples with lower Co and Cu concentrations, possible differences in the structural/antiferromagnetic domain [17] distribution in the ordered state may cause some (small) differences in the measured Hall coefficient and TEP at low temperatures. This being said, we do not see any evidence for this being a large, or poorly controlled, effect.
III. DATA AND RESULTS
The temperature dependent TEP and Hall coefficient data for Ba(Fe 1−x Co x ) 2 As 2 are
shown for x ≤ 0.114 in Figs. 2 and 3. These data clearly show the suppression of the upper, structural/magnetic, phase transition as well as the lower temperature superconductivity and further support the T − x (and T − e) phase diagrams presented in Refs. [6, 7, 8, 10] and shown in Fig. 1 . The Hall data (Fig. 2) show a clear break in slope at the higher temperature, structural / magnetic transition that is systematically suppressed as x increases until it is no longer easily detectable for x > 0.047. For x ≥ 0.38 superconductivity manifests itself, but given the 90 kOe applied field, T c is slightly suppressed (consistent with H c2 data)
from the values found in Ref. [6] and shown in Fig. 1 . The TEP data (Fig. 3 ) also show an anomaly that is systematically suppressed with increasing x, but for x ≥ 0.038 it is increasingly subtle and can only be clearly seen in dS/dT plots. On the other hand, since TEP data can be collected in zero applied magnetic field, T c is clearly seen and in excellent agreement with the points shown in Fig. 1 .
As x is increased the signatures of the structural and magnetic phase transitions become less pronounced, especially in the TEP data. In order to consistently extract transition temperatures we adopt similar, derivative criteria as were used for resistivity data [6] and subsequently supported by diffraction measurements [12] . Figure 4 presents these criteria for x = 0.047. The data points inferred in this manner are shown in Fig. 1 and agree well with the data inferred from resistivity, susceptibility and specific heat measurements. [6, 10] The more conspicuous aspect of Figs samples, we can see that using the T = 25 K value of ρ H /H is a valid approximation for the zero temperature extrapolation and allows coparison with the Co-doped data.
IV. ANALYSIS AND DISCUSSION
The TEP and Hall coefficient data presented in Figs. 2, 3 , 6, and 7 (i) confirm the established structural / antiferromagnetic and superconducting (or lack there of) phase lines for the Ba(Fe 1−x Co x ) 2 As 2 and Ba(Fe 1−x Cu x ) 2 As 2 series and (ii) indicate that there appears to be distinct change in the electronic properties of these compounds associated with increasing the e-value beyond ∼ 0.020. Whereas both points can be inferred from either measurement, it is worth noting that the structural / antiferromagnetic phase transitions remain more clearly seen in the Hall coefficient data whereas the distinct change in the electronic properties with increasing e is more clearly seen in the TEP data.
Both Ba(Fe 1−x Co x ) 2 As 2 and Ba(Fe 1−x Cu x ) 2 As 2 manifest dramatic changes in TEP (over the whole temperature range) at a certain concentrations of the transition metal dopants In addition, such a sudden change, specifically in the TEP is hard to associate with a change in scattering. At a gross level, drawing on the intuition provided by single band models, the fact that the change in TEP is so much more dramatic implies that there may be a more dramatic change in the energy derivative of the density of states near the Fermi level than in the actual density of states itself, but more detailed analysis and modeling will be needed to clarify the origin of the dramatic changes in these measurements with doping. It should also be noted, that there are qualitative changes in the resistive anomalies at these critical dopings as well. Figure 1 of Ref. 10 shows that for x ≤ 0.020 for Co, and x ≤ 0.0077 for Cu, resistivity data show a sharper, cusp-like resistive anomaly associated with the structural / magnetic phase transitions whereas for higher x the resistive anomaly is broader, monotonically increasing with decreasing temperature, much more rounded or shoulder-like, and the two transitions are increasingly separated.
Based on earlier phase diagram work, [10, 11] it has been proposed that whereas for Codoping, when the structural / antiferromagnetic phase transitions are sufficiently suppressed superconductivity is stabilized over a finite range of e -values, for Cu-doping the upper phase transitions are suppressed more slowly (as a function of e) and the finite range of e -values that supports superconductivity is overshot, i.e. by the time the upper transitions are suppressed enough the Cu-doped samples no longer have the correct band filling. [10, 11] The fact that the same qualitative changes in the TEP and Hall coefficient data occur in both Co-doped and Cu-doped BaFe 2 As 2 , independent of the occurrence of low temperature superconductivity, is further evidence of this idea that there are a set of necessary, but not sufficient conditions that have to be met in order to stabilize superconductivity in the It is important to mention again that the Hall coefficient data for Ba(Fe 1−x Co x ) 2 As 2 presented here is in very good agreement with that presented in Refs. 18, 19 for the subsets of overlapping concentrations. Indeed, there was a general sense that, "The band structure of BaFe 2 As 2 appears then very fragile as it is disturbed by a small shift of the chemical potential" [19] , but due to sparse Hall effect data and no TEP results, it was not appreciated that there was such a clear critical e-doping level. The key differences between this work and these prior studies are: a higher density of low-x samples, additional measurements on Ba(Fe 1−x Cu x ) 2 As 2 , and, very importantly, TEP data. In a similar manner, recent measurements [9] of TEP on Ba(Fe 1−x Ni x ) 2 As 2 appear to be fully consistent with our conclusions, but the relatively small number of x-values studied prevented the discovery of the sudden, dramatic change in TEP as e is increased past 0.020. More detailed studies of TEP and Hall coefficient on Ba(Fe 1−x T M x ) 2 As 2 (T M = Ni, Rh, Pd) will hopefully refine our understanding of how general this behavior is.
In conclusion, the TEP and Hall coefficient data provide clear evidence for a change in the electronic properties of Ba(Fe 1−x Co x ) 2 As 2 and Ba(Fe 1−x Cu x ) 2 As 2 at an e-value close to that associated with the occurrence of superconductivity in other Ba(Fe 1−x T M x ) 2 As 2 series.
[ 10, 11] These data further demonstrate that suppression of the structural / magnetic phase transition and the establishment of a proper e -value (band filling) are each necessary but, individually, not sufficient conditions for superconductivity. Whereas this work provides a clear condition of the low-e onset of the region that supports superconductivity, the specific effect of lowering the structural / antiferromagnetic transition temperature sufficiently (i.e.
reducing the size of the orthorhombic distortion, reducing the size of the ordered moment and/or changing the excitation spectrum) still needs to be identified. In addition, further work, specifically studying the Fermi surface / band structural properties of these series will be needed to clarify the nature of the change taking place for e ∼ 0.020 as well as to explain the dramatic changes in the TEP. 
